The tonotopic map of the mammalian cochlea is commonly thought to be determined by the passive mechanical properties of the basilar membrane. The other tissues and cells that make up the organ of Corti also have passive mechanical properties; however, their roles are less well understood. In addition, active forces produced by outer hair cells (OHCs) enhance the vibration of the basilar membrane, termed cochlear amplification. Here, we studied how these biomechanical components interact using optical coherence tomography, which permits vibratory measurements within tissue. We measured not only classical basilar membrane tuning curves, but also vibratory responses from the rest of the organ of Corti within the mouse cochlear apex in vivo. As expected, basilar membrane tuning was sharp in live mice and broad in dead mice. Interestingly, the vibratory response of the region lateral to the OHCs, the "lateral compartment," demonstrated frequency-dependent phase differences relative to the basilar membrane. This was sharply tuned in both live and dead mice. We then measured basilar membrane and lateral compartment vibration in transgenic mice with targeted alterations in cochlear mechanics. Prestin 499/499 , Prestin Ϫ/Ϫ , and Tecta C1509G/C1509G mice demonstrated no cochlear amplification but maintained the lateral compartment phase difference. In contrast, Sfswap Tg/Tg mice maintained cochlear amplification but did not demonstrate the lateral compartment phase difference. These data indicate that the organ of Corti has complex micromechanical vibratory characteristics, with passive, yet sharply tuned, vibratory characteristics associated with the supporting cells. These characteristics may tune OHC force generation to produce the sharp frequency selectivity of mammalian hearing.
SOUND PRESSURE WAVES PROPAGATE up the length of the cochlea in the form of a traveling wave due to gradients in basilar membrane stiffness and mass that create a series of cascading, overlapping band-pass filters (von Bekesy 1960) . The peak location of the traveling wave varies according to the tonotopic map defined by these passive mechanical gradients. High frequencies are represented at the base, and low frequencies are represented at the apex. Active processes within outer hair cells (OHCs) associated with somatic electromotility (Brownell et al. 1985) and/or stereociliary bundle motility (Nin et al. 2012) generate force to amplify and sharpen the traveling wave. Sound stimulation of the basilar membrane can produce Ͼ1,000ϫ larger vibratory responses and Ͼ15ϫ sharper tuning in living compared with dead animals (Nuttall and Dolan 1996; Rhode 1971; Robles and Ruggero 2001) . Eliminating the power to drive OHC motility by removing the endocochlear potential (Ruggero and Rich 1991), removing OHC stimulation by removing the tectorial membrane (Legan et al. 2000) , or inactivating the OHC motor protein prestin (Dallos et al. 2008 ) all reduce basilar membrane sensitivity and tuning sharpness to levels similar to those in dead animals. These data indicate that the underlying mechanisms for both high sensitivity and sharp tuning of the basilar membrane are intimately coupled, and that OHCs are required for both features of cochlear amplification (Neely and Kim 1986; Zweig 1991) .
However, the concept that OHCs simply amplify the broadly tuned traveling wave as defined by the passive mechanics of the basilar membrane is not adequate to explain the exquisite sharpness of basilar membrane tuning that has been measured (Allen and Fahey 1993; Robles and Ruggero 2001 ). An additional filter within the organ of Corti has been proposed as a way to sharpen tuning (Evans and Klinke 1982; Markin and Hudspeth 1995; Mountain et al. 1983) . A simple way to describe this theory is that OHC force production would only be in phase with basilar membrane vibration near the frequency tuned to that tonotopic location, whereas at lower and higher frequencies, force production would not be in phase with basilar membrane vibration. The phase characteristics of this additional filtering would thus increase the sharpness of basilar membrane tuning because OHCs could only provide positive feedback over a narrow bandwidth. Consistent with this hypothesis, a frequency-dependent phase difference between the basilar membrane and the reticular lamina has been demonstrated in the base of the guinea pig cochlea using optical coherence tomography (OCT) (Chen et al. 2011; Zha et al. 2012) . Similarly, the electric field emanating from the receptor potential within the OHCs demonstrates a frequency-dependent phase shift relative to basilar membrane vibration (Dong and Olson 2013) .
Various components of the organ of Corti have been advocated to provide this additional filtering, including the tectorial membrane (Geisler and Sang 1995; Gummer et al. 1996; Hubbard 1993 ; Legan et al. 2000; Russell et al. 2007 ; Zwislocki and Kletsky 1979), fluid within the tunnel of Corti (Karavitaki and Mountain 2007a) , the Deiters' cells (Soons et al. 2013) , the stereociliary bundle (Peng and Ricci 2011) , and the OHCs themselves (Mountain and Hubbard 1994; Song and Santos-Sacchi 2013; Weitzel et al. 2003) . Here, we used a custom spectral domain OCT system ) to further study this issue. Our system is unique in that it permits vibratory measurements within the intact (i.e., unopened) mouse cochlear apex. Because it has good axial resolution, we could noninvasively measure sound-induced vibrations not only within the basilar membrane, but throughout the organ of Corti. We hypothesized that, if additional filtering exists, there should be a region within the tissues of the organ of Corti that has frequency-dependent phase characteristics different than that of the basilar membrane. Furthermore, because our system permits the use of mice, we could study not only wild-type CBA mice, but also several transgenic mouse strains in which specific biomechanical components of the organ of Corti were altered in a targeted manner.
MATERIALS AND METHODS
Animal preparation. The study protocol was approved by the Stanford Institutional Animal Care and Use Committee. Adult mice of either sex were used. Mouse strains studied included wild-type CBA, Prestin 499/499 (Dallos et al. 2008) , Prestin Ϫ/Ϫ (Liberman et al. 2002) , Tecta C1509G/C1509G (Xia et al. 2010) , and Sfswap Tg/Tg (Moayedi et al. 2014) . Most mice were age postnatal days (P) 28 -50; however, Sfswap Tg/Tg mice were age P60 -120. Each mouse was anesthetized with ketamine-xylazine, and its left middle ear bulla surgically opened to visualize the cochlear apex. A calibrated sound delivery system was connected to the ear canal and controlled by custom software (MATLAB 2012b, The Mathworks, Natick, MA). The approach did not alter auditory brain stem responses or distortion product otoacoustic emissions, as determined by measuring thresholds before and after the opening (n Ͼ 10). This was expected as only the middle ear was opened, not the cochlea. Our laboratory routinely performs an identical approach to measure compound action potentials, cochlear microphonics, endocochlear potentials, and electrically evoked otoacoustic emissions to assess cochlear function in mice Choi and Oghalai 2008; Liu et al. 2011; Xia et al. 2007 Xia et al. , 2010 Xia et al. , 2013 . Vibratory measurements were made using the OCT system and then the mouse was killed by ketamine-xylazine overdose. This did not cause movement of the head. Postmortem measurements were then collected after waiting 10 min. Finally, vibratory measurements from the orbicular apophysis of the malleus (the middle ear ossicular chain) were made.
Scanning spectral domain OCT system. The concept of Doppler OCT, as well as the specific design of our system, has been previously reported (Chen et al. 1997; Choma et al. 2005; Gao et al. 2013) . It is an alternative implementation of a broad-band interferometry technique that has been used to measure vibratory responses at different depth locations within the organ of Corti (Chen et al. 2011; Ren and He 2011) (Fig. 1) . Briefly, it is a custom-built spectral domain OCT system based on a broadband light source with a center wavelength of 935 nm with software for data collection and analysis written in MATLAB. The light was directed through an upright microscope onto the structure to be imaged. The reflected light from the sample, when path matched with a reference beam, creates an interference pattern that can be recorded by a custom spectrometer based on a linear camera. With this technique, two fast Fourier transforms (FFTs) are performed. The first FFT is performed on the interferogram, with the magnitude providing the depth-resolved sample reflectivity. An X-Y scan mirror incorporated into the beam path allows for stepping the light across tissue. Scanning in one direction allows for the generation of cross-sectional images. The second FFT step is used only for vibrometry and is discussed in the next section.
In air, the axial resolution of the OCT system, as determined by the full width at half-maximum of the depth-resolved sample reflectivity of a mirrored surface, was 9.4 m. The lateral resolution of the OCT system was 18 m, as determined by imaging an US Air Force resolution target and determining the minimum bar width that could be visually distinguished. To investigate the resolution of a structure surrounded by fluid (which has a higher index of refraction than air) and after imaging through the cochlear bone (which scatters light), we removed the apical bone from a mouse cochlea and placed it in a drop of water on top of the mirrored surface and resolution target. Under these conditions, the axial resolution was 6.3 m, whereas the lateral resolution was 35 m. For all experiments, we oversampled when collecting cross-sectional data to provide spatial averaging with pixel dimensions of 2.4 m axially and 15 m laterally.
Vibrometry with OCT. At each x-y position, 10,000 images of the spectrally interfered signal were collected at a rate of 16 kHz using a linear camera during the application of sound stimuli to the ear. We used our previously published interleaved sampling technique to double the effective sampling rate to 32 kHz (Applegate et al. 2011 ). The first FFT was performed on the interferogram for each of the 10,000 images. For each bin in the FFT (i.e., each depth location), the phase information from the first FFT was further analyzed by a second FFT over the 10,000 images to calculate the vibratory magnitude and phase. Because vibratory data come from analyzing the phase of the spectrally interfered signal, the vibration resolution of the system is much better than its image resolution. On a perfect reflector, the measureable vibratory response is on the order of a few picometers. In A: with traditional vibrometry methodology, a point measurement of basilar membrane vibration in response to sound stimulation is performed. This is most commonly performed by opening the cochlea, placing a reflective glass bead on the underside of the basilar membrane, and then measuring vibrations of the bead using a laser Doppler vibrometer. B: with the optical coherence tomography (OCT) technique we used, the cochlea was left unopened. The light was scanned over the tissue in the radial direction while collecting depth profiles. Thus vibrometry data were collected from every point in the grid over the organ of Corti. We analyzed vibration of the basilar membrane in the traditional manner by referencing a point measurement (dark rectangle on basilar membrane) to the sound input measured at the ossicular chain. We analyzed the vibration of the lateral compartment of the organ of Corti (large oval) by referencing a point measurement at the apical portion (dark rectangle at top of the lateral compartment) to that of the basilar membrane (dark rectangle on basilar membrane).
vivo at the organ of Corti, the signal-to-noise ratio is reduced by 50 to 70 dB because the tissue does not reflect as well and the light has to pass through the otic capsule bone in both directions. As a result, we averaged up to 50 stimulus repetitions to lower the noise floor. This allowed us to measure vibrations as low as 0.2 nm within the mouse organ of Corti. Furthermore, we only considered the vibratory responses at the same frequency as the stimulus frequency that were above a noise threshold, which we defined as the mean plus three times the standard deviation of the noise at nearby frequencies.
Data analysis. We divided the displacement of the basilar membrane by the displacement of the ossicular chain to determine basilar membrane sensitivity. This ratio is dimensionless. The best frequency, gain, and Q 10dB were then calculated from the basilar membrane sensitivity data. The best frequency was the frequency of maximum sensitivity for a given stimulus level. The gain was calculated as the ratio of the peak sensitivities in the live and dead mouse. However, since the sensitivities in the dead mouse were independent of stimulus intensity, we used either the same stimulus level or the lowest measureable stimulus level. The basilar membrane in the dead mouse did not move as much as in the live mouse because there was no cochlear amplification. Therefore, we often could not measure vibration above the noise floor with the quietest stimulus levels. For example, we often had to ratio the peak sensitivity of the live mouse measured using a 40-dB sound pressure level (SPL) stimulus intensity to 1/10th of that measured in the dead mouse using a 60-dB SPL stimulus intensity. The Q 10dB was the best frequency divided by the bandwidth 10 dB from the peak response. If data were not present for one side of the tuning curve 10 dB down from the peak response, the bandwidth was extrapolated. If data were not present for either intersection, the Q 10dB was not calculated.
The phase of the basilar membrane response was calculated by averaging the phase of all voxels within a 20-m region of the basilar membrane. The phase of the lateral compartment response (defined in Fig. 1B ) was calculated by averaging the phase of all voxels within a 10-m region, starting at the reticular lamina and extending downward at the same location of the basilar membrane measurement. We then subtracted the phase of the basilar membrane response from that of the lateral compartment to get the phase difference. Values were unwrapped as necessary.
We analyzed the phase difference between the lateral compartment and the basilar membrane by fitting the data to that of a second-order band-pass filter. The rationale for this analysis paradigm is given in the RESULTS section (Lateral compartment vibratory measurements). The phase fitting was performed as follows (Sigmaplot 12.5, Systat Software, San Jose, CA):
where ЄH(f) is phase in degrees, f is frequency, F c is the center frequency, D is a constant to shift the phase data to the ϩ90°and Ϫ90°r ange, and Q is F c divided by the bandwidth measured between ϩ45°a nd Ϫ45°. From these parameters, the magnitude |H(f)| was then calculated as follows:
Since most auditory research papers report Q 10dB values, rather than the Q value (Q 3dB ) provided by this equation, we converted all Q values to Q 10dB for comparison. This was done by solving Eq. 2 to find the bandwidth between the upper and lower frequency where the magnitude was 10 dB down from the peak magnitude. Dividing the bandwidth by F c thus provided the Q 10dB value.
Histology. Plastic-embedded sections were made and imaged using previously described techniques . Similarly, whole mount fluorescence preparations were created and imaged under confocal microscopy using previously published techniques . Actin was labeled with phalloidin (Life Technologies, catalog no. A12379), and prestin was immunolabeled (primary antibody: Santa Cruz Biotechnology, catalog no. sc-22692; secondary antibody: Life Technologies, catalog no. A-21082).
Statistics. Experiments were performed without randomization or blinding. We decided on the number of animals to study based on preliminary data indicating that adequate power could be achieved with the use of at least four animals. The collected data were normally distributed and plotted as means Ϯ SE. When comparing more than two groups, we first performed a one-way ANOVA before using two-tailed Student's t-tests. Paired t-tests were used to compare repeated measures from the same mouse. In some cohorts, we could not record all of the desired measurements from every animal, and so fewer animals were included in the analysis. For these cases, and when comparing data between cohorts, nonpaired t-tests were used.
RESULTS

Traditional basilar membrane vibratory measurements.
To validate the vibratory measurement capabilities of our OCT system, we recorded classical basilar membrane tuning curves from wild-type CBA mice in vivo. For each mouse, crosssectional imaging was performed to identify the organ of Corti within the apical turn of the cochlea (Fig. 2, A and B). The optical path was then positioned to cross the basilar membrane near its midpoint. Pure tone stimuli of varying frequency and intensity were presented. Vibratory responses were averaged and measured along a ϳ20-m depth within the basilar membrane to produce tuning curves (Fig. 2, C and D) . The response of the middle ear ossicular chain was measured to define the sound input to the cochlea. These data were used to normalize the basilar membrane magnitude and phase (Fig. 2 , E and F). As expected, the vibration of the basilar membrane exhibited a progressive phase lag as the sound frequency was increased, consistent with traveling wave propagation. In dead mice, the sensitivity and tuning of basilar membrane vibration did not change with stimulus intensity, whereas in live mice both increased as the stimulus intensity decreased. Thus there was more gain with lower stimulus intensities. In addition, the frequency of maximal vibrational amplitude (the best frequency) shifted toward higher frequencies as the stimulus intensity was lowered, ranging from 6 to 9 kHz in the measured region. Lastly, the sharpness of frequency tuning, calculated as the best frequency divided by the bandwidth 10 dB down from the peak (the Q 10dB ), increased as the stimulus intensity was lowered.
Basilar membrane vibrometry recordings from multiple mice demonstrated consistent results. Representative magnitude and phase data recorded from five different mice are shown for comparison (Fig. 3) . The degree of gain and sharpness of frequency tuning in both live and dead mice are consistent with previous findings in other animals (Cooper and Rhode 1995; Ren and Nuttall 2001; Ruggero et al. 1997) ( Table 1 ). The consistency in the data collected from different mice and with previously published data in different animal models demonstrates the soundness of our technical approach.
Organ of Corti vibratory measurements. We then collected vibratory data across the organ of Corti in living and dead mice at two different frequencies: one below the best frequency and one near the best frequency (Fig. 4) . We used sound stimuli with an intensity of 80-dB SPL. The displacement data were thresholded; only voxels with vibratory magnitudes Ͼ1 nm were plotted. The magnitude data were then pseudocolored to cover the range of the measured vibratory magnitudes within the image in a linear (not log) scale. To assess for phase differences within the organ of Corti that differed from that of the basilar membrane, we set the phase of the midpoint of the basilar membrane to 0°and referenced every other pixel in each image to it. The rest of the phase data within the image were then pseudocolored to the range of Ϫ180°to ϩ180°. Finally, rough estimates of the locations of various substructures of the organ of Corti were drawn in by hand to aid understanding of the images. These substructures included the basilar membrane region, the inner hair cell region, OHC region, and the lateral compartment region. The boundaries were created by eye, based on the anatomic images, the vibratory magnitude images, and the vibratory phase images.
The structure with the largest displacement magnitude in both living and dead mice, at both 5 and 8 kHz, using the 80-dB SPL intensity stimulus was the basilar membrane. This was largest in the middle of the basilar membrane and decreased radially to either side. In both living and dead mice, the region lateral to the OHCs obviously vibrated out of phase with the rest of the organ of Corti at 8 kHz (pink region in the right panels of Fig. 4, B and D) . This region consists of Hensen's, Boettcher's, and Claudius' cells; for simplicity, we have termed this region the "lateral compartment." The finding of a frequency-dependent phase difference between the lateral compartment and the basilar membrane suggested that this region may provide a way to assess filtering within the organ of Corti relevant to frequency tuning.
Lateral compartment vibratory measurements. We then further characterized this phenomenon by directly measuring the displacement of the lateral compartment and the basilar membrane simultaneously (arrows along the dotted line in Fig. 4A) , while varying the frequency of the sound stimulus. Basilar membrane and lateral compartment displacement magnitudes both demonstrated gain in the living mouse (Fig. 5, A and B) .
No gain was present in either the basilar membrane or the lateral compartment postmortem. The displacement magnitude of the basilar membrane was sharper than that of the lateral compartment. . D: raw BM vibration magnitudes from the same mouse postmortem. E: BM sensitivity ratios in the same mouse, where BM vibration magnitude was normalized to that of the ossicular chain in the living (red) and dead (black) conditions. F: BM phase responses from the same mouse in the living (red) and dead (black) conditions. The phase was referenced to the ossicular chain. When referenced to the ossicular chain, the phase of the lateral compartment tracked that of the basilar membrane at lower frequencies (Fig. 5C ), but demonstrated greater phase lags at higher frequencies (arrows). This phase difference reached ϳ180°before the magnitude of vibration dropped off so much that it was below the detection limit of our system. A similar finding was seen in dead mice (Fig. 5D ). To better visualize this phase difference, we subtracted the phase of the basilar membrane from that of the lateral compartment (Fig. 5 , E and F). The phase difference occurred near the best frequency.
It is possible that the frequency dependence of the lateral compartment phase difference correlates with the range of positive feedback from OHC force production and hence may be linked to the bandwidth of basilar membrane tuning. Thus a steeper phase difference vs. frequency curve (e.g., Fig. 5 , E and F) would be associated with sharper tuning. Defining this relationship between the phase difference and OHC force production is not trivial, because the complex biomechanics of the cochlea define its vibratory characteristics. Nevertheless, several cochlear models incorporate one or more second-order band-pass filters to represent some or all of this additional filtering process (for reviews, see Allen and Neely 1992; Olson et al. 2012) . Therefore, we used this concept to analyze the frequency-dependent phase difference between the lateral compartment and the basilar membrane that we measured. We recorded from six live and five dead CBA mice, and fit each dataset to the phase equation of a second-order band-pass filter (see MATERIALS AND METHODS for details). The fits had reasonably good R 2 values (representative examples are shown by the lines in Fig. 5 , E and F; average values were 0.82 Ϯ 0.05 and 0.80 Ϯ 0.05, means Ϯ SE, respectively), indicating that roughly 80% of the location-dependent differences in both the in vivo and postmortem phase measurements could be explained by this model. We attribute the remaining 20% of the variability to measurement noise and less than precise modeling of the complex biomechanics of the cochlea with this approach. Nevertheless, the quality of the fits supports our rationale for using this approach to interpret the data.
We then assessed the relationship between tuning of the basilar membrane magnitude responses and the fit of the phase difference between the lateral compartment and the basilar membrane. This was done by comparing the Q 10dB and best frequency measured using classical basilar membrane tuning curves to the Q 10dB and the F c provided by the phase fit calculations. The Q 10dB values based on lateral compartment phase fits in live and dead mice were similar and were greater than those measured from basilar membrane vibration magnitude data using suprathreshold stimulus intensities (Fig. 6A) . Importantly, however, these values were not significantly different than the Q 10dB of auditory nerve fibers measured at threshold (Taberner and Liberman 2005) . The F c of the phase fits was between the best frequencies of basilar membrane tuning in dead and live mice (Fig. 6B) .
It is important to note that these data do not demonstrate whether the cells of the lateral compartment provide additional filtering that is important for cochlear amplification, whether the measured phase difference is an epiphenomenon of additional filtering provided by another region of the organ of Corti, or whether the measured phase difference reflects an additional filtering process that is unrelated to cochlear amplification. However, a correspondence between the phase difference and basilar membrane tuning does exist. Thus these findings are consistent with the concept that filtering within the organ of Corti, in addition to that provided by the basilar membrane and surrounding fluid, contributes to tuning curve sharpness in the mouse cochlear apex. It is also reasonable to conclude that, since the lateral compartment phase difference is similar in live and dead mice, active processes requiring electrical and/or chemical gradients are not required to produce this effect.
Studies of transgenic mice. To assess what structures contribute to produce the additional filtering detectable by measuring the phase difference between the lateral compartment and the basilar membrane, we studied several different strains of transgenic mice. Each strain had a different alteration in organ of Corti mechanics. We compared the relationship between gain and tuning using both classical basilar membrane tuning curve measurements (Figs. 7 and 8 ) and the new lateral Values are means Ϯ SE; n, no. of mice. Where possible, previously published data from the chinchilla base (Ruggero et al. 1997) , gerbil base (Ren and Nuttall 2001) , and guinea pig apex (Cooper and Rhode 1995) are shown. SPL, sound pressure level; Q 10dB , best frequency divided by the bandwidth 10 dB from the peak response. compartment phase measurement technique (Figs. 9 and 10) . We fit the phase difference between the lateral compartment and the basilar membrane using the strategy described earlier for each transgenic strain. The fitting parameters and the R 2 values for the fits are provided (Table 2) .
In wild-type CBA mice (Fig. 7A ), as has been previously shown, basilar membrane vibration demonstrated the traditional features of cochlear amplification. The key findings were that lowering the stimulus intensity led to increased gain, increased Q 10dB , and a higher best frequency (Fig. 8A) . Lateral compartment vibration, as already shown, demonstrated increasing displacement sensitivity as the stimulus intensity was lowered (Fig. 9A) . The fit to the frequency-dependent phase difference between the lateral compartment and the basilar membrane demonstrated a Q 10dB value of 5.01 Ϯ 0.93 and an F c of 7.21 Ϯ 0.26 kHz (n ϭ 6) (Fig. 10) . As a reference, the Q 10dB and F c values of the phase difference between the lateral compartment and the basilar membrane in dead CBA mice were not significantly different from the values in live mice ( Table 2 ). The normal responses in live CBA mice were then compared with those of the transgenic mice.
Prestin is a protein unique to OHCs that is necessary for normal hearing (Liberman et al. 2002) . It undergoes conformational changes in response to variations in the transmembrane voltage resulting in OHC length changes (termed electromotility) (Zheng et al. 2000) . Prestin 499/499 mice contain inactivated prestin, do not have OHC electromotility, and therefore have hearing loss (Dallos et al. 2008) . Similar to previously published data (Weddell et al. 2011) , basilar membrane tuning curves measured in live mice demonstrated no gain, no increase in Q 10dB , and no stimulus level-dependent shift in best frequency, and thus were no different than those of dead mice (Figs. 7B and 8B ). The displacement of the lateral compartment had no gain; however, the frequency-dependent phase difference between the lateral compartment and the basilar membrane persisted (Fig. 9B) . The Q 10dB and F c values from the fits to these phase difference data were no different than the values measured in live CBA mice (Fig. 10) . This means that, even though OHC electromotility is needed for gain, it is not needed to produce this phase difference within the organ of Corti. This finding is consistent with the fact that the phase difference remained present in postmortem CBA mice.
Prestin Ϫ/Ϫ mice do not have somatic electromotility, like Prestin 499/499 mice, but in addition their OHCs are shorter (Liberman et al. 2002) and have a substantially reduced passive stiffness to about 20% of normal (Dallos et al. 2008) . As with Prestin 499/499 mice, basilar membrane tuning curves in live Prestin Ϫ/Ϫ mice demonstrated no gain, no increase in Q 10dB , and no stimulus level-dependent shift in best frequency, and were indistinguishable from those of dead mice (Figs. 7C and  8C) . Similarly, the displacement of the lateral compartment of the organ of Corti demonstrated no gain over postmortem mice, yet it still showed a frequency-dependent phase difference with the basilar membrane (Fig. 9C) . However, the Q 10dB values from the fits to these data were lower than those from live CBA mice, even though the F c values were no different (Fig. 10) . These data suggest that reducing OHC size and stiffness, i.e., altering passive cellular mechanics, reduces (but does not eliminate) the filtering process that affects the lateral compartment differently than the basilar membrane. Tecta C1509G/C1509G mice have a malformed and disorganized tectorial membrane that does not attach to the OHC stereocilia; thus the OHC force generating mechanisms are not activated (Xia et al. 2010) . Basilar membrane tuning curves measured in live mice demonstrated no gain, no increase in Q 10dB , and no stimulus level-dependent shift in best frequency, and thus were no different than those of dead mice (Figs. 7D and 8D ). The displacement of the lateral compartment did not demonstrate any gain, yet the frequency-dependent phase difference between the lateral compartment and the basilar membrane remained (Fig. 9D) . While the Q 10dB values from the fits to these data were not statistically different from those from live CBA mice, the F c values were lower (Fig. 10) . These data suggest that the passive mechanics of the tectorial membrane contribute to setting the F c associated with the additional filtering within the organ of Corti, but have little to no effect on the bandwidth of the filter. In addition, these data argue that hair bundle mechanics are not critical to this filtering process, since OHC stereocilia are not stimulated in this mouse model.
Finally, Sfswap Tg/Tg mice have patterning defects within the organ of Corti that produce mild hearing loss (Moayedi et al. 2014) . At the apical position from which we recorded, they were missing the third row of OHCs and their underlying third row of Deiters' cells (Fig. 11) . Basilar membrane tuning curves demonstrated increased gain as the stimulus intensity was lowered, although the amount of gain at a stimulus level of 40-dB SPL was 4.1 dB lower than in CBA mice (Figs. 7E and 8E) . Importantly, there were no systematic changes in sharpness or best frequency with the stimulus intensity. Additionally, the progressive phase lag associated with the traveling wave as defined by the basilar membrane was reduced at higher frequencies compared with wild-type mice (Fig. 7E, right) . The displacement of the lateral compartment demonstrated increasing gain as the stimulus intensity was decreased, similar to the basilar membrane response (Fig. 9E, center) . However, the phase difference between the lateral compartment and the basilar membrane demonstrated no frequency dependence in Sfswap Tg/Tg mice (Fig. 9E ). Fitting these phase data produced Q 10dB and F c values that were significantly different than those of live CBA controls (Fig. 10) . The lack of frequency-dependent phase differences between the lateral compartment and the basilar membrane indicates that there was no detectable additional filtering within the organ of Corti of this mouse strain.
Together with the loss of this additional filtering, there was a reduction in the sharpness of frequency tuning of the basilar membrane with only a minimal loss of gain. Thus patterning defects, which alter the passive mechanics of the organ of Corti by altering its structure, change organ of Corti vibratory patterns and reduce the sharpness of basilar membrane frequency with only a minimally loss of gain.
DISCUSSION
The cochlea provides gain and tuning to achieve the wide dynamic range and exquisite frequency selectivity that distin- guish mammalian hearing from that of other animals (Glasberg and Moore 1990; Moore 2004) . Both characteristics of basilar membrane tuning manifest in the response pattern of the auditory nerve (Kiang et al. 1986; Narayan et al. 1998 ) and ultimately impact auditory perception. While most previous data have come from point measurements of basilar membrane vibration or excised cochlear preparations, we used OCT to measure vibration throughout the mouse apical organ of Corti. Our data were collected in vivo, in an unopened cochlea, and in response to sound (rather than electrical) stimuli. This approach allowed us to identify a region within the organ of Corti, the lateral compartment, which demonstrates a frequency-dependent phase difference with the basilar membrane. The frequency dependence of this phase difference correlated with the frequency tuning of basilar membrane displacement. Therefore, these findings support the concept that additional filtering within the organ of Corti beyond that of the basilar membrane tunes the cochlear amplifier. Furthermore, our data suggest that the passive mechanics of the supporting cells are primarily responsible for tuning this additional filtering process. The passive stiffness of the OHCs plays a role as well, although to a lesser degree.
Several key pieces of previously published data support these concepts. For example, using a similar OCT technique in the opened guinea pig cochlear base in vivo, phase differences between the reticular lamina and the basilar membrane were demonstrated (Chen et al. 2011; Zha et al. 2012) . While the source of these phase differences was not identified, the phase difference increased with lower intensity stimuli and disappeared postmortem. These relationships indicate that the phase difference was related to cochlear amplification. Our finding of a phase difference between the lateral compartment and the basilar membrane that was the same in the live and dead conditions does not contradict this finding. While the position where we made the lateral compartment measurements was directly adjacent to the position where the previously published reticular lamina measurements were made, the organ of Corti cross-sectional phase measurements (Fig. 4, right) demonstrate that these two locations vibrate quite differently in the CBA mouse. In addition, it is important to note that the frequencydependent phase difference between the lateral compartment and the basilar membrane that we found is not an artifact of our measurement technique, as it was not present in Sfswap Tg/Tg mice.
In the gerbil base, simultaneous in vivo measurements of the intracochlear voltage and pressure revealed frequency-dependent phase differences (Dong and Olson 2013) . Since the electric field represents primarily the OHC receptor potential, this finding suggests that the phase of OHC stimulation is tuned to localize and sharpen the frequency tuning of cochlear amplification. Our results are highly consistent with this finding. In particular, the bandwidth and F c of the fits to the phase difference we identified between the lateral compartment and the basilar membrane are strikingly similar to those published data (compare Fig. 5, E and F, in this manuscript to Fig. 5E in Dong and Olson 2013) .
Furthermore, many publications support the concept of complex vibratory motion within the organ of Corti (for a review, see Guinan 2012) , although the most clear demonstrations of this finding come from ex vivo experiments. In the gerbil hemi-cochlea preparation, optical images of cross-sectional cuts through the cochlea revealed substantial differences in the vibratory patterns of inner hair cells, OHCs, pillar cells, and the tectorial membrane (Cai et al. 2003; Hu et al. 1999) . Similar findings were noted in the apex of the guinea pig cochlea using a stroboscopic confocal imaging approach (Fridberger et al. 2004 ). In addition, electrically evoked movements within the excised gerbil cochlea when visualized using stroboscopic video microscopy demonstrated a complex pivoting motion of the organ of Corti relative to the reticular lamina (Karavitaki and Mountain 2007b) . This would create the potential for significant phase variation throughout the organ of Corti when studied with our vibratory technique, which only allows the measurement of motion in one direction (vertically along the path of the light). Lastly, tectorial membrane and reticular lamina vibration demonstrate significant phase differences in their transverse and radial components, as well as from the basilar membrane, when measured in excised guinea pig co- chlear preparations (Gummer et al. 1996; Nowotny and Gummer 2006) . Whether the phase difference between the lateral compartment and the basilar membrane that we identified in CBA mice is responsible for tuning the process of cochlear amplification or is simply an unrelated epiphenomenon of the three-dimensional mechanical vibrations within organ of Corti is unclear. However, this phase difference correlated with well-established measures of auditory frequency tuning, such as basilar membrane vibration and auditory nerve tuning curves. In an effort to better understand the relevance of the phase difference between the lateral compartment and the basilar membrane to cochlear physiology, we, therefore, used transgenic mice with targeted changes in organ of Corti biomechanics. We found that this phase difference persisted without the presence of force production by OHCs (prestin mutants) or a functional tectorial membrane (tecta mutant). Conversely, when the passive mechanics were substantially altered through the induction of patterning defects (Sfswap mutant), the phase difference was lost while force production by OHCs remained. Thus the data argue against properties intrinsic to the OHCs being solely responsible for defining the frequency range over which OHCs inject energy and amplify the traveling wave. This is consistent with ex vivo studies demonstrating that the ability of OHCs to produce force is broad-band, without evidence of tuning (Frank et al. 1999) .
Therefore, these data support a concept whereby the force production of OHCs is tuned to be most effective over a specific frequency range defined by the filtering of the passive micromechanics of the surrounding organ of Corti cellular structures. However, in addition to the specialized force-generating OHC, the mammalian cochlea also evolved a highly structured framework of cells that sits on top of the basilar membrane (Manley 2012) . These cells (including Deiters', pillar, Hensen's, Boettcher's, and Claudius' cells) not only support and orient the hair cells, but also form a cross-linked, trusslike network in both the radial and longitudinal directions (Geisler 1998; Spicer and Schulte 1994) . In live mice, these biomechanical filtering properties are amplified by OHCs, producing sharply tuned basilar membrane deflections. However, in dead mice, the lack of force production by the OHCs C B A P r e s t i n 4 9 9 /4 9 9 P r e s t i n -/-T e c t a C 1 5 0 9 G /C 1 5 0 9 G S f s w a p T g /T g (D), and Sfswap Tg/Tg mice (E). Scale bar, 50 m. Pseudocolored organ of Corti vibratory phases (first column) were collected near the best frequency of that cochlear location using an 80-dB stimulus. The displacement magnitudes of the Lat region to different stimulus intensities are provided (second column). The raw phase data from the Lat and the BM are also shown (third column). The phase differences between the Lat and the BM (circles, fourth column) and phase fits to the data (lines, fourth column) are given. All phase data are from live mice with 80-dB SPL stimuli.
means that this additional filtering is not translated into sharp tuning of the basilar membrane.
There are caveats to consider when interpreting these data. While our system could detect frequency-dependent phase differences within the organ of Corti, and our use of a secondorder band-pass filter provided reasonably good fits of the data, this concept of auditory frequency tuning is undoubtedly simplified. The three-dimensional fluid-filled coupling along the cochlea, together with the intricate network of cellular and acellular structures that compose the organ of Corti, make mathematical modeling of its tuning and phase characteristics a challenging undertaking (Gavara et al. 2011 ). In addition, we have only studied the apical turn of the cochlea, and this region may function in a physiologically different manner than the basal turn of larger animals Rhode 1995, 1997) , where most previous work has been performed. Even in mice, there appear to be key differences between the base and apex. For example, the tectorial membrane has been shown to be involved in sharpening tuning within the base of the mouse cochlea (Ghaffari et al. 2010; Russell et al. 2007 ), while our data suggest that it has a minimal role in the apex. Lastly, the results found here may not be representative of the results that would be found in the apex of larger animals, such as the guinea pig and chinchilla, which are tuned to much lower frequencies (Ͻ1 kHz) (Cooper and Rhode 1997; Khanna and Hao 1999; Zinn et al. 2000) .
Why might sharp frequency tuning have evolved to be controlled by a different mechanism than gain? Separating these features eliminates some of the downsides that would occur if a single active process provided both gain and tuning. The benefits of cochlear gain are that it improves the ability to hear quieter sounds and it extends the bandwidth of hearing to higher frequencies. However, without sharp frequency filtering before the amplification step, background noise would be increased together with the desired signal. Feedback would also be more of a problem. In fact, both of these problems are the major concerns of patients who try hearing aids, which primarily provide gain (McCormack and Fortnum 2013) . Even so, preamplification filtering is commonly used in hearing aid technology to reduce feedback and improve hearing in noisy background environments (Kates 2005) . Our data suggest that a normal-functioning cochlea has the ability to sharply filter a sound signal before the OHCs amplify it, thereby providing excellent frequency selectivity, even in noisy background environments. Further studies will be needed to prove or disprove this concept. If true, OHC stereociliary displacement in the postmortem mouse cochlea should demonstrate sharp frequency tuning, albeit with very low magnitudes. Unfortunately, the optical capabilities of our spectral-domain OCT system do not currently permit detection of structures at this resolution to test this hypothesis.
GRANTS
This project was funded by Department of Defense Grant W81XWH-11-2-0004 and National Institute on Deafness and Other Communications Disorders Grant P30-DC-010363.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). Values are means Ϯ SE; n, no. of mice included in each cohort. Average Q 10dB , F c , and R 2 values from the fits of the phase difference are given. 
